Wind tunnel measurements downwind of reduced scale car models have been made to study the 8 wake regions in detail, test the usefulness of existing vehicle wake models, and draw key 9 information needed for dispersion modelling in vehicle wakes. The experiments simulated a car 10 moving in still air. This is achieved by (i) the experimental characterisation of the flow, turbulence 11 and concentration fields in both the near and far wake regions, (ii) the preliminary assessment of 12 existing wake models using the experimental database, and (iii) the comparison of previous field 13 measurements in the wake of a real diesel car with the wind tunnel measurements. The experiments 14 highlighted very large gradients of velocities and concentrations existing, in particular, in the near-15 wake. Of course, the measured fields are strongly dependent on the geometry of the modelled 16 vehicle and a generalisation for other vehicles may prove to be difficult. The methodology applied 17 in the present study, although improvable, could constitute a first step towards the development of 18 mathematical parameterisations. Experimental results were also compared with estimates from two 19 wake models. It was found that they can adequately describe the far-wake of a vehicle in terms of 20 velocities, but a better characterisation in terms of turbulence and pollutant dispersion is needed. 21
Introduction 26
Exposure to both short-term transient and long term mean concentrations of gas and 27 particles emitted by ground vehicles in cities can cause severe damage to human health (Brugge et particles has been well studied in the past (see, e.g., Vardoulakis et al., 2003) , however physical and 30 chemical processes involved in nanoparticles dispersion modelling are still poorly understood 31 (Kumar et al., 2010 (Kumar et al., , 2011b , especially at fine spatial and temporal scales, where the impact of a 32 single vehicle wake on the dispersion process can become important (Baker, 2001 ). Vehicle wakes, 33 for example, can strongly affect the turbulence field in street canyons (Di Sabatino et al., 2003) , and 34 their influence on pollutant dilution cause complex interactions with other transformation processes 35 affecting nanoparticles . Operational dispersion models rarely acknowledge 36 these effects. 37
The vehicle wake is usually divided in two separate regions (Hucho, 1987) : the near-wake and the 38 main or far-wake. The near-wake consists of two components: a large scale recirculation region 39 immediately behind the vehicle and a system of longitudinal trailing vortices with unsteady 40 fluctuations caused by a variety of effects such as the instability of the separated shear layer and 41 wake pumping (Ahmed, 1981; Hucho, 1987; Baker, 2001) . Studies related to the characterisation of 42 dispersion behaviour in the near wake are much rarer than those related to the far-wake regions. 43 Baker (1996) describes a model based on the assumption that the pollutant emitted by the vehicle is 44 spread uniformly in the near-wake, using a Gaussian puff approach to calculate the concentrations 45 further downwind. This approach might be acceptable for passive gaseous pollutants, but not for 46 nanoparticles that experience transformations on very short time scales (Pohjola et al., 2003; Ketzel 47 and Berkowicz, 2004; Carpentieri and Kumar, 2011) and a more detailed characterisation of the 48 near wake may therefore be necessary (Kumar et al., 2011b) . Computational fluid dynamics (CFD) 49
has recently been applied to the near-wake dispersion of pollutants (Richards, 2002; Dong and 50 Chan, 2006; Albriet et al., 2010) . The usefulness of the output from these simulations is however 51 limited due to the lack of experimental studies specifically aimed at deriving suitable boundary 52 conditions for the numerical calculations. 53
As far as the far-wake is concerned, the most well known and documented vehicle wake theory is 54 that of Eskridge and Hunt (1979) , hereafter referred to as E&H model. Based on the perturbation 55 analysis of the equations of motion the theory describes the velocity field far downstream of a 56 single vehicle moving through still air. Expressions were developed for the velocity deficit far 57 downwind of a vehicle, assuming constant vehicle velocity, flat terrain and no wind. A more recent 58 study by Hider et al. (1997) reported the derivation of the same expression using a different method. 59
They also derived expressions for the lateral and vertical velocity components. Dispersion in the 60 far-wake is usually represented by a standard Gaussian plume (Baker, 1996 (Baker, , 2001 Richards, 2002) . 61
Very few models take into account the effect of the vehicle wake in the dispersion process. Clearly, 62
Wind tunnel tests 131

Experimental setup 132
The core of the experimental work was carried out at the boundary layer wind tunnel of the 133 Environmental Flow Research Centre (EnFlo) at the University of Surrey, UK (referred to hereafter 134 as the ‗EnFlo tunnel'). It is an open circuit, `suck-down' wind tunnel having a 20 m long, 3.5 m 135 wide and 1.5 m high working section. The wind speed range is from 0.3 to 3.5 m s -1 , and the facility 136 is capable of simulating both stable and unstable atmospheric conditions, although these features 137
were not used in this study. Reference flow conditions were measured by an ultrasonic anemometer 138 held at a fixed location at 1 m from the ground, and two propeller anemometers mounted on either 139 side of the traverse carriage. Temperature conditions were monitored by thermocouple rakes in the 140 flow and individual thermocouples in each tunnel wall panel. The wind tunnel and the associated 141 instrumentation are fully automated and controlled using ‗virtual instrument' software created in 142
LabVIEW by the EnFlo research staff. 143
The geometrical characteristics of the reduced-scale models were derived from the diesel car used 144 to provide a passive release, while still having the ability to control the flow rate with the laboratory 169 instrumentation. The choice of using a passive tracer is of course a simplification. As highlighted, 170 for example, by Chang et al. (2009b) , the exit velocity from the tailpipe is an important factor when 171 assessing near wake dispersion. Buoyancy could also affect the exhaust plume in real emissions. 172
However, the analysis of these parameters is outside the scope of the present study and a simplified 173 approach has been applied (see, e.g., the similar approach chosen by Baker and Hargreaves, 2001 ; 174 Baker, 2001 ). The choice of using a passive tracer also simplifies the scaling properties of our 175 models, because only the similarity of the external flow must be ensured (see Section 3.1) for this 176 experimental setup. Since the EnFlo experiments were conducted with a reference wind speed of 177 2.5 m s -1 , the ratio between exit velocity and car speed (V/U ref ) were 0.13 and 0.27 for the 1:5 and 178
1:20 scale model, respectively. These values are comparable to those used by Kanda et al. (2006a) . 179
Three-dimensional LDA measurements were performed over most of the false floor using a 180 reference wind speed of 2.5 m s -1 . Initial evaluations were carried out without the vehicle model to 181 assess the development of the boundary layer above the floor. To further assess this particular 182 aspect, additional FFID tests were also carried out in a smaller closed-circuit wind tunnel designed 183 for aerodynamic tests on ground vehicles. This wind tunnel (hereafter referred to as the ‗Aero 184 tunnel') has a 9.8 m long, 1.065 m wide and 1.37 m high working section, and has a rolling road 185 section with a boundary layer suction system. The maximum achievable wind speed for this wind 186 tunnel is 40 m s -1 . Unrealistic boundary layer effects were removed by running the rolling road at 187 the same speed as the wind flow and adjusting the boundary layer suction fans speed accordingly. The results presented here are, of course, very geometry-dependent. In order to develop 271 mathematical models a range of different vehicle shapes and dimensions must be analysed (see ,  272 e.g., the study by Al-Garni and Bernal, 2010, on a pickup truck). (Fig. 7a) and Y=−0.33 (Fig. 7b) have been chosen as the vertical sections, while horizontal 291 planes are shown at Z=0.2 (Fig. 7c ) and Z=0.6 (Fig. 7d) 8c and d. This may be due to increased turbulence in the latter case, which in turns increases the 317 spreading of the plume as it travels downwind. This effect is also evident in the horizontal (lateral) 318 profiles shown in Fig. 9 , demonstrating that increased mixing occurs both in the vertical and lateral 319 senses. In contrast, the higher velocity of the air flow below the car when the rolling road is running 320 caused an enhanced mass exchange through the flow separation surface, decreasing the 321 concentration of tracer within the recirculation region (as explained earlier, the source was within 322 the recirculation area). 323
Differences between the EnFlo and Aero tunnel results with a stationary floor are substantial, as can 324 be seen in Figs. 8 and 9. As the experiments show, high concentration gradients can be found in the 325 vehicle wake in the vicinity of the exhaust plume. In such a situation, even a very small discrepancy 326 in probe positioning or the plume location can lead to large differences in the results obtained. The 327 different conditions in the two wind tunnels (the Aero tunnel being much narrower than the EnFlo 328 tunnel) might also contribute, in particular by affecting plume behaviour in the horizontal plane. 329
The only way to resolve this issue would be to use a very dense measurement grid that accurately 330 defined the plume structure and then compare measurements relative to their position in the plume 331 and, separately, compare plume trajectories. However, insufficient data were available to pursue this 332 approach. 333 the wake has decayed to become merely a small perturbation to the surface boundary layer, it is the 369 latter that controls dispersion behaviour. In these circumstances, the boundary layer depth will be 370 comparable to or greater than the wake depth, especially for the 1:20 scale model. Note that the 371 extent of the rolling road did not allow us to make measurements further downstream from the 372 model than shown in Fig 11.  373 
Discussion 374
The results of the wind tunnel experimental campaign represent a first step in our strategy, 375 eventually aimed at characterising and modelling nanoparticle dispersion in a vehicle wake. In this 376 respect, the study of dilution processes in close proximity to a moving car, by means of dispersion 377 of a passive tracer, is the most important phenomenon to tackle and the main reason behind this 378 experimental study. In order to plan and develop future stages in our project, it is very useful to 379 assess and compare existing mathematical models against our experimental results. This 380 preliminary comparison is reported in Sections 4.1 and 4.2. In Section 4.3 the implications of our 381 results for nanoparticle dispersion are discussed, providing other important elements for the 382 development of our future strategy to reach the proposed objectives. 383
Building wake models 384
A possible approach for modelling flow and dispersion in the wake of a vehicle has been 385 described by , based on methodologies used for building wake models. As a 386 preliminary evaluation of this approach, a comparison has been carried out between the wind tunnel 387 results and predictions from a simplified version of one of the most advanced parametric models for 388 building wake pollutant dispersion (i.e. BUILD, the building effects module used by ADMS, the 389 Atmospheric Dispersion Modelling System; Robins and Apsley, 2009). The model was adapted by 390 assuming that the moving car was a fixed building block, having the same dimensions (length, 391 width and height) as the modelled car. Results were non-dimensionalised using the methods 392 described in Sections 2.2 (for coordinates, dimensions and distances) and 3.1 (for velocities and 393 concentrations), so that the chosen geometrical scale of the simulated building, as well as the 394 reference wind speed and emission rate, are not relevant. 395 ADMS-BUILD simplifies the wake region by dividing the downwind space into two volumes: the 396 near-wake and the far (or main) wake. The near-wake region is adjacent to the building and includes 397 a recirculation zone where the pollutant is assumed to be well mixed. The far-wake is the region 398 where the structure of the pollutant plume is based on a perturbed Gaussian plume model. The 399 plume growth is determined by a combination of plume spread in the underlying dispersion model 400 of choice and a contribution due to the building wake. For our simplified version of the model, 401 referred to as -CAR-BUILD‖, we adopted a standard Gaussian plume and the details of the model 402 formulation can be found in Appendix A. 403 Gaussian model are of course higher at the centre line. The combination of these two effects (i.e. 414 complete mixing in the near wake and reduced mixing in the far wake) lead to this remarkable 415 similarity, presumably more by chance than because of the ability of the model. However, the 416 similarity in the shape of the two profiles is undeniable, meaning that the vertical mixing process is 417 reasonably well captured by the model. 418
Another effect that CAR-BUILD could not capture is the reduction in concentrations near the 419 ground, especially close to the car (e.g., X = 2.13, Figs. 12a and c) . The lower concentrations 420 observed in the wind tunnel are mainly due to the clean air jet coming from beneath the car, while 421 the model does not take this effect into account. 422
The trend of lower mixing in far wake region continues further downwind (Fig. 13) , leading to 423 significantly higher concentrations estimated by CAR-BUILD throughout the wake. It should be 424 noted, however, that a factor of 2 or 3 between model results and measurements could be expected 425 from CAR-BUILD performance. 426
Vehicle wake models 427
The most well known and documented vehicle wake theory is that of the E&H model. 
Implications for nanoparticle dispersion 468
As highlighted in Section 1, the present work is part of a greater effort to better understand 469 and characterise nanoparticle dispersion in a vehicle wake. The analysis and characterisation of the 470 vehicle wake in terms of passive tracer dispersion is a first step towards this goal. However, as 471 dilution, which in turn is related to the mean velocity and turbulence fields in the wake, plays such 472 an important role in the nanoparticle transformation processes, the results gathered during the wind 473 tunnel experimental campaign offer a key perspective in order to assess their implications for 474 nanoparticle dispersion. 475
The issues identified in the comparison exercises described in the previous Sections (4.1 and 4.2) 476 are the first that need to be tackled in order to develop suitable parameterisations for pollutant 477 dispersion in the far-wake. However, the near-wake model, designed for inert pollutants, must be 478 formulated differently in order to become suitable for nanoparticle dispersion. Small spatial and 479 temporal scales assume paramount importance in nanoparticle transformation processes, as 480 highlighted by , thus the complete mixing assumption used to describe the 481 near-wake will need to be revised. 482
The shape of the model used in the wind tunnel tests was based on the vehicle used during earlier 483 field measurement campaigns . A direct comparison between wind 484 tunnel results and field measurements is not possible though, for the following reasons. Firstly, the 485 field campaigns involved measurements of particle size distributions and number concentrations in 486 the 5-560 nm size range in the wake of a moving diesel car. In line with earlier work (Kumar et al., 487 2009), emitted particles were observed to undergo a range of very fast transformation processes just 488 after their release from the tailpipe , while the passive tracer gas used 489 in the wind tunnel is affected by dilution only. Secondly, the particle number emission factor for the 490 car used in the experiments could not be accurately estimated because of limitations in the setup 491 used and instrumentation deployed during the measurement campaign. Nevertheless, a useful 492 qualitative comparison can still be attempted. 493 concentration ratios at the 9 points defined in Fig. 15e . Note that the locations of the wind tunnel 499 observations differ slightly from those in the field. While the relative distributions at the two upper 500 levels (Z > 0.3) are somewhat similar, large differences can be observed at the lowest level. In 501 particular, the value measured in the field at the point closest to the tailpipe (Y = −0.30) is much 502 greater than that found from the wind tunnel measurements. This difference, dramatic though it is, 503 could be due to the geometrical details of the vehicle underside of the wind tunnel model which is a 504 great simplification of the real case. Because of this, the tailpipe in the field experiments emitted a 505 plume at the border between the recirculation wake and the flow beneath the car, while in the wind 506 tunnel model the tailpipe emitted within the recirculation area. For example, great differences in 507 dilution properties were also found by Chang et al. (2009b) in their wind tunnel experiments. In 508 similar situations, the exit momentum could also play an important role (Chang et al., 2009b) . The 509 differences in the distribution of concentrations close to the tailpipe are also apparent in the 510 horizontal sections presented in Fig. 15c and d for the 6 points defined in Fig. 15f . 511
Summary and conclusions 512
Wind tunnel experiments were performed to study wind flow and pollutant dispersion in the 513 wake of a passenger car. The experimental database built during the experiments includes velocity, 514 turbulence and concentration measurements in the wake of three car models of scale 1:5, 1:8 and 515 1:20. The flow field was characterised both in the near-wake (closest to the car) and the far-wake 516 regions. While the work presented here mainly concerns the wind tunnel measurements, the 517 experiments are part of a wider integrated approach aimed at better characterising and, eventually, 518 developing mathematical parameterisations for nanoparticle dispersion in the wake of vehicles. 519
The vehicle wake has been fully characterised and analysed both in terms of the mean flow, 520 turbulence and pollutant dispersion. A comprehensive experimental data set was collected and 521 analysed to develop a better understanding of the flow and dispersion characteristics of pollutants in 522 vehicle wakes, especially in the near-wake region. Such published data are still relatively rare, 523 presumably because small scale phenomena occurring in the vehicle wake are generally neglected 524 when dealing with gaseous (usually inert) emissions. This is however not true for nanoparticles 525 (Pohjola et al., 2003) . In order to provide reliable estimates of nanoparticle number concentrations 526 and size distributions, proper account must be taken of the fine scale spatial and temporal variations 527 within the flow and the near-wake, where large gradients exist, is very important in this respect. 528
From a methodological point of view, the experimental approach used in this study could be further 529 improved. In particular, the development of a boundary layer on the wind tunnel floor is a problem 530 that must be addressed before using quantitative results for model development. Preliminary results 531 obtained with a rolling floor have highlighted the differences in the measured concentrations arising 532 from this phenomenon. 533
Experimental results were also compared with flow and dispersion estimates from some of the few 534 models designed to treat the small scale structure of vehicle wakes. This comparison exercise 535 highlighted some issues that need to be addressed for the development of nanoparticle dispersion 536 model in the near-and far-wake regions: 537  Existing models can adequately describe the far-wake of a vehicle in terms of velocities, 538 provided appropriate parameter optimisation is undertaken to take into account the particular 539 geometry of vehicles. 540  A better characterisation of the far-wake in terms of turbulence and pollutant dispersion is 541 needed. Approaches used in urban dispersion models for building wakes do not seem able to 542 predict plume dispersion patterns from a moving vehicle to an acceptable degree. 543  Operational models capable of predicting velocity and concentrations (with fine enough 544 details) at the near-wake scale do not currently exist. They must be developed in order to 545 predict nanoparticle dispersion and transformations reliably in the wake of vehicles, and 546 they must be able at least to predict short-term dilution factors. 547
The integrated approach, combining field experiments and wind tunnel measurements is another 548 added value to the present study. The comparison highlighted, in particular, the importance of the 549 correct modelling of the tailpipe position relative to the flow field beneath the car and the 550 recirculation region behind it. This aspect is often neglected in experimental studies, but has 551 important affects on the small scale variations in the initial stages of dispersion, when most of the 552 transformation processes occur . Even more comprehensive 553 integration can be reached in future by adding small scale modelling tools, such as computational 554 fluid dynamics (CFD). This integrated approach can provide mutual feedback to the methods 555 involved (field measurements, laboratory experiments and modelling) that can help improve all 556 aspects of the analysis and, eventually, lead to the construction of a systematic numerical and 557 experimental database necessary for the development of nanoparticle dispersion parametric models, 558
of which the present study represents an initial step. The present study was mainly concerned with 559 vehicles moving in still air. Since this is not the case in many real situations, future studies may 560 include the effects of a developed boundary layer on the dispersion mechanism. Other parameters to 561 be included in future studies are buoyancy effects and different tailpipe exit velocities. Citation details: Carpentieri, M., Kumar, P., Robins, A., 2012. Wind tunnel measurements for dispersion modelling of vehicle wakes. Atmospheric Environment 62, 9-25.
